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(54) Flexible medical stent 

(57) The present invention is directed to a radially 
expandable medical stent 3 having a chevron or 'maple 
leaf" design geometry characterized by improved scaf- 
folding, hoop strength and longitudinal flexibility. Also 
described are methods of making and deploying the 
stents. 
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Description 

[0001] The present invention relates to implantable 
intravascular stents for maintaining vascular patency in 
humans and animals. More particularly, the present 
invention Is directed to a balloon-expandable stent char- 
acterized by improved scaffolding, hoop strength and 
longitudinal flexibility. 

[0002] This invention relates especially to intralumi- 
nal endovascular stenting, a method by which a pros- 
thesis is inserted into a body tube and expanded so as 
to reopen a collapsed vessel wall and prevent the wall 
from recotlapsing into the (umen. Endovascular stenting 
is particularly useful for arteries that are blocked or nar- 
rowed and is an alternative to surgical procedures that 
intend to bypass the occlusion. 
[0003] Percutaneous transluminal coronary angi- 
oplasty (PTCA) is used to increase the lumen diameter 
of a coronary artery partially or totally obstructed by a 
build-up of cholesterol fats or atherosclerotic plaque. 
Typically a guidewire is steered through the vascular 
system to the site of therapy. A guiding catheter, for 
example, can then be advanced over the guidewire and 
a balloon catheter advanced within the guiding catheter 
over the guidewire. The balloon at the distal end of the 
catheter is inflated causing the site of the stenosis to 
widen. The dilatation of the occlusion, however, can 
form flaps, fissures and dissections which threaten re- 
closure of the dilated vessel or even perforations in the 
vessel wall. Implantation of a stent can provide support 
for such flaps and dissections and thereby prevent 
reclosure of the vessel or provide a patch repair for a 
perforated vessel wall until corrective surgery can be 
performed. It has also been shown that the use of intra- 
vascular stents can measurably decrease the incidence 
of restenosis after angioplasty thereby reducing the like- 
lihood that a secondary angioplasty procedure or a sur- 
gical bypass operation will be necessary. 
[0004] An implanted prosthesis such as a stent can 
preclude additional procedures and maintain vascular 
patency by mechanically supporting dilated vessels to 
prevent vessel reclosure. Stents can also be used to 
repair aneurysms, to support artificial vessels as liners 
of vessels or to repair dissections. Stents are suited to 
the treatment of any body lumen, including the vas def- 
erens, ducts of the gallbladder, prostate gland, trachea, 
bronchus and liver. The body lumens range in diameter 
from small coronary vessels of 3 mm or less to 28 mm 
in the aortic vessel. The invention applies to acute and 
chronic closure or reclosure of body lumens. 
[0005] A stent typically is a cylindrically shaped 
device formed from wire(s) or a tube and intended to act 
as a permanent prosthesis. A typical stent ranges from 
5 mm to 50 mm in length. A stent is deployed in a body 
lumen from a radially compressed configuration into a 
radially expanded configuration that allows it to contact 
and support a body lumen. Optionally, a balloon of 
appropriate size and pressure can be used to open the 



lesion prior to delivery of the stent to its intended loca- 
tion. 

[0006] The stent can be radially self -expanding, or it 
can be expandable by the use of an expansion device. 

5 The self-expanding stent is made from a resilient 
springy material while the device-expandable stent is 
made from a material that is plastically deformable. A 
plastically deformable stent can be implanted during a 
single angioplasty procedure by using a balloon cathe- 

10 ter bearing a stent that has been crimped onto the bal- 
loon. The stent expands radially as the balloon is 
inflated, forcing the stent into contact with the interior of 
the body lumen thereby forming a supporting relation- 
ship with the vessel walls. 

75 [0007] Deployment is effected after the stent has 
been introduced percutaneously, transported translumi- 
nal^ and positioned at a desired location by means of a 
delivery catheter. In the case of a balloon expandable 
stent, the delivery catheter is a balloon catheter, and the 

20 stent Is deployed when the balloon is inflated. The stent 
remains as a permanent scaffold after the balloon is 
withdrawn. A balloon capable of withstanding relatively 
high inflation pressures may be preferable for stent 
deployment because the stent must be forced against 

25 the artery's interior wall so that it will fully expand 
thereby precluding the ends of the stent from hanging 
down into the channel encouraging the formation of 
thrombus. 

[0008] Conventional angioplasty balloons fall into 

30 high, medium and low pressure ranges. Low pressure 
balloons are those which fall into rated burst pressures 
below 6 atmospheres. Medium pressure balloons are 
those which fall into rated burst pressures between 6 
and 1 2 atmospheres. High pressure balloons are those 

35 which fall into rated burst pressures above 12 atmos- 
pheres. Burst pressure is determined by material selec- 
tion, wall thickness and tensile strength. 
[0009] Previous structures used as stents or intralu- 
minal vascular grafts have included coiled stainless 

40 steel springs; helical wound spring coil made from 
shape memory alloy; expanding metal stents formed in 
a zig-zag pattern; diamond shaped, rectangular 
shaped, and other mesh and non-mesh designs. Exem- 
plary stent devices are disclosed in U.S. Patent 

45 5,776,161 issued to Globerman, U.S. Patent 5,449,373 
issued to Pinchasik et al, U.S. Patent 5,643,312 issued 
to Fischell et al., U.S. Patent 5,421 ,955 issued to Lau et 
al., and U.S. Patent Nos. 4,649,922, 4,886,062 and 
4,969,458 issued Wiktor. 

so [0010] Problems to be overcome in stent design 
include (a) inadequate radial force to maintain expan- 
sion; (b) inadequate scaffolding of tissue to the wall; (c) 
pre-expansion longitudinal rigidity which negatively 
impacts on stent delivery; (d) inability to achieve a pre- 

55 expansion diameter small enough to pass through a 
narrow lumen; (e) in the case of balloon-expandable 
stents, unacceptable mechanical stress or strain levels 
In the expanded stent; (f) flaring of the ends of the stent 
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during stent delivery; and (g) longitudinal shortening of 
the stent as a consequence of radial expansion. 
[0011] Unfortunately, many of these problems result 
from or are exacerbated by the often conflicting goals of 
stent design. For example, it is desirable to have a high 5 
degree of scaffolding in the stent when the stent is 
expanded to its rated radial size so that the vessel wall 
will have uniform support. However, it is also desirable 
to have a small, relatively smooth delivered profile 
(sometimes referred to as "crimp diameter") when the 
stent Is mounted on the catheter to permit the stent and 
catheter to traverse small diameter lesions. The person 
skilled in the art will appreciate that as a stent with a 
very small delivered profile expands radially its struc- 
tural elements become farther apart and create open- 
ings that reduce the amount of scaffolding available to 
support the vessel. Such as stent may also exhibit a 
reduction in the outward radial forces (hoop strength) 
generated by the stent after expansion within the lumen. 
The larger window area and, therefore, inferior body 
lumen scaffolding reduces the effectiveness against 
recurring restenosis. The reduced outward forces may 
also be problematic if the stent does not firmly engage 
the wall of the lumen. 

[0012] Another example of the conflicting goals of 
stent design involves attempts to achieve improved 
scaffolding and longitudinal flexibility during catheter 
delivery, since proper scaffolding will not be accom- 
plished if there are few supporting structural elements. 
Yet the inclusion of too many structural elements results 
in a loss of stent flexibility in both the crimped and 
expanded states. 

[0013] One attempt at addressing the high bending 
stresses/strains in a radially expandable stent is 
described in U.S. Patent No. 4,830,003 (Wolff et al.) in 
which the stent is made of a series of generally straight 
wire segments welded together at their ends to form a 
zigzag shaped stent when expanded. By using gener- 
ally straight wires, the bending stresses/strains associ- 
ated with bends in an integral wire-formed stent body 
can be avoided. Disadvantages associated with this 
approach Include, however, the cost of manufacturing 
the stents by welding. The welds also lower the allowa- 
ble stress levels in the stent, thereby limiting its fatigue 
life and compression for delivery. Another disadvantage 
is that the length of the stent can change significantly 
from the compressed state to the expanded state, 
thereby making accurate placement of the stent at the 
desired location within a body lumen more difficult. 
[0014] U.S. Patent 5,776,161 issued to Globerman, 
addresses a number of these issues. Globerman dis- 
closes an expandable stent having a small initial diame- 
ter, flexibility along its longitudinal axis prior to 
expansion and minimization of rigid local strain on the 
stent material by the presence of rotation joints which 
have minimal strain during stent expansion. The stent is 
substantially the same length before and after expan- 
sion and being flexible longitudinally when constrained, 



it is easy to deliver. However additional improvements in 
longitudinal flexibility in the crimped stent during deliv- 
ery and scaffolding after delivery are still desired. 
[0015] It is an object of the invention to provide a 
radially expandable stent for implantation within a body 
lumen having improved hoop strength and scaffolding 
properties. 

[0016] It is another object of the invention to provide 
a radially expandable stent having a reduced crimp 
diameter while maintaining satisfactory longitudinal flex- 
ibility, scaffolding and hoop strength. 
[0017] It is a further object of the invention to pro- 
vide a radially expandable stent that has improved lon- 
gitudinal flexibility to allow for threading through 
tortuous lumens and lesions, as well as to permit 
implantation into curved lumens. 
[001 8] It is another object of the invention to provide 
a radially expandable stent having reduced end flare. 
[001 9] These and other objects are achieved by the 
radially expandable stent of the invention, which has 
many advantages over known devices. 
[0020] The invention provides a medical device 
comprising: 

a catheter and a radially expandable stent mounted 
on the catheter, the stent comprising 
a hollow, cylindrical body comprising first and sec- 
ond rings extending circumferentially around the 
cylindrical body, each ring comprising an undulating 
series of peaks and valleys formed by struts con- 
necting alternating curved peak and valley seg- 
ments within the ring, the struts comprising a first 
curved segment curved substantially symmetrically 
about a single circumference of the stent such that 
the peaks and valleys within a ring form a nested 
chevron pattern; and 

at least one longitudinal connection between the 
first and second rings. 

[0021] The radially expandable stent of the inven- 
tion exhibits improved resistance to fatigue cracking due 
to bending loads, improved scaffolding and hoop 
strength, is able to reach lesions that are otherwise dif- 
ficult to access without aid of additional retention meth- 
ods, and is associated with a significantly lower 
dislodgment rate. The radially expandable stent of the 
invention can be a plastically deformable device- 
expandable stent, such as a balloon expandable stent, 
or a radially self-expanding stent made from a resilient 
springy material. 

[0022] In one embodiment, the present invention 
provides medical device that includes a catheter and a 
stent mounted on the catheter, the stent being a radially 
expandable stent for implantation within a body lumen in 
the form of an elongated generally tubular body defining 
a passageway having a longitudinal axis. The stent is 
radially compressible into a compressed diameter, and 
radially expandable Into an expanded diameter. The 
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tubular body includes a plurality of circumferential ring 
elements arranged successively along the longitudinal 
axis of the stent, each of the ring elements having a 
proximal and distal end defining a longitudinal length 
along the longitudinal axis. Each of the ring elements 
includes a plurality of peaks and valleys interconnected 
by curved struts, the peaks and valleys being located at 
the proximal and distal ends of the ring element such 
that they are disposed circumferentially on the ring ele- 
ment, the struts connecting peaks and valleys on oppo- 
site ends of the ring element. The high point of a peak, 
and the low point of a valley, are referred to herein as 
peak and valley apices. The struts are curved or bent 
about a circumference of the stent in a fashion that 
allows the struts, peaks and valleys to remain generally 
disposed on the surface of the stent. In the compressed 
state, the curved struts of a ring element are arranged in 
a nested fashion, forming a pattern defined by the 
curved struts and the peaks and valleys that can be 
conveniently described as a "chevron 0 or "maple leaf 
pattern. The struts can be fit together closely in a nested 
arrangement as the stent is crimped on the balloon 
catheter. By "nest," "nested," or nesting" we mean that 
the elements are conformally arranged such they can 
be in very close proximity when the stent is crimped 
onto the catheter but without substantial contact that 
would affect the ability of the various elements to move 
in relation to each other as the stent and catheter are 
advanced through a tortuous body vessel. In a preferred 
embodiment, the longitudinal length of the two end rings 
is shorter than the longitudinal lengths of the other 
rings, so as to reduce end flare during advancement, 
delivery and transportment of the stent 
[0023] The stent further Includes at least one longi- 
tudinal connection between adjacent ring elements in 
the tubular body. Preferably, two or three longitudinal 
connections occur between adjacent ring elements. 
Typically, less than about half of the peaks or valleys on 
a ring are occupied by longitudinal connections. How- 
ever, the number of longitudinal connections is not 
intended to be limited in any way; rather, the optimal 
number of longitudinal connections in general is 
affected by the number of peaks and valleys in the rings, 
the diameters of the stent in the compressed form and 
the radially expanded form, the longitudinal length of the 
stent, and its intended use, among other things. A stent 
may contain one or more types of longitudinal connec- 
tions, which can, for example, take the form of longitudi- 
nal connectors or, alternatively, integral connecting 
regions between a peak on one ring and a valley on an 
adjacent ring. Longitudinal connectors may be parallel 
to the longitudinal axis of the stent, or they can be offset 
from the longitudinal axis of the stent It should be 
understood that the invention is not limited by the con- 
formation of the longitudinal connectors or their posi- 
tions of attachment to the ring elements. Longitudinal 
connectors can be straight or they can include, for 
example, one or more curved or bent segments. The 



longitudinal connectors are preferably arranged to pre- 
vent shortening of the stent as the stent is radially 
expanded. Further, longitudinal connectors are prefera- 
bly arranged to promote longitudinal flexibility of the 

5 stent. For example, longitudinal connectors typically 
connect two adjacent ring elements and do not extend 
to connect additional ring elements. Thus, longitudinal 
connectors in successive rings are preferably n out-of- 
phase" with respect to each other, as defined hereinbe- 

to low, to improve the longitudinal or "bending" flexibility of 
the stent. The use of two or three longitudinal connec- 
tors between a pair of adjacent rings is typically pre- 
ferred to achieve the greatest bending flexibility. A 
longitudinal connector that is curved in a compressed 

is stent may become straight in a radially expanded stent. 
Alternatively, a longitudinal connector that is straight in a 
compressed stent may become curved in a radially 
expanded stent See U.S. Patent 5,776,161 issued to 
Globerman for examples of various longitudinal connec- 

20 tors. 

[0024] As stents are advanced through tortuosities 
of a vessel, they are subjected to bending forces that 
can produce longitudinal stresses on the stent compo- 
nents. If the movements of longitudinal connectors 

25 caused by these bending forces pull the ring elements 
open from their crimped positions, the stent can 
become radially enlarged, especially at its ends (i.e., 
end flare) and can have difficulty crossing a narrow 
lesion. The present invention reduces or prevents pre- 

30 mature radial expansion of one or more ring elements 
during delivery of a stent to a site in a body lumen by 
incorporating curves into the struts of the ring elements. 
The curved struts are capable of elastic longitudinal 
movement that promotes the tendency of the stent to 

35 flex longitudinally when it is subjected to bending forces 
such as those encountered during delivery of the stent 
and catheter through a tortuous coronary artery. 
[0025] The need for spacing between the compo- 
nents in the crimped condition must be balanced with 

40 the need to provide effective scaffolding of the vessel 
being treated. In the present invention, the curved 
shape of the struts can provide the spacing needed for 
the nesting of the ring and longitudinal connector com- 
ponents by extending the ring in a generally circumfer- 

45 ential direction for a distance which allows the stent to 
be crimped to a small diameter onto the catheter. When 
the stent is in its expanded state, scaffolding provided to 
the vessel is promoted because the struts do not fully 
straighten but remain partially curved in a generally cir- 

50 cumferential direction. The slightly curved struts result 
in small, multi-sided cells thereby improving both scaf- 
folding and hoop strength. Because of their irregular 
shape, these nonrectangular cells allow a smaller por- 
tion of the vessel wall to protrude through the opening 

55 than would be allowed by square cells having a similar 
perimeter or surface area, resulting in better scaffolding. 
A typical expansion ratio for a radially expandable stent 
of the invention is about 2.5 to about 3.0 but can be up 
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to about 6.0. Moreover, the curved shape of the struts 
decreases the risk of dislodgement of the compressed 
balloon-expandable stent as it Is being delivered, rela- 
tive to a comparable stent with straight struts. Within a 
ring of a stent of the invention, each strut forms a V- 5 
shaped curve that is symmetrica! about a circumference 
of the stent. The "V" thus points in a circumferential 
direction. When the stent is crimped onto the balloon, 
the V-shaped curve opposes longitudinal movement of 
the stent relative to the balloon due to the edges of the 10 
strut having a slightly circumferential orientation. 
[0026] Various embodiments of the medical device 
of the invention further include one or more of the follow- 
ing features: (a) a chevron pattern in one ring element of 
the stent that is 'in-phase 0 with the chevron pattern in 15 
an adjacent ring element of the stent; (b) a chevron pat- 
tern in one ring element of the stent that is °out-of- 
phase" with the chevron pattern in an adjacent ring ele- 
ment of the stent; (c) a chevron pattern in one ring ele- 
ment of the stent that is "in-phase 0 with the chevron 20 
pattern in one adjacent ring element and "out-of-phase" 
with the chevron pattern on the other adjacent ring ele- 
ment of the stent; (d) a chevron pattern in one ring ele- 
ment of the stent that is parallel to the chevron pattern 
in an adjacent ring element of the stent; (e) a chevron 25 
pattern in one ring element of the stent that is antiparal- 
lel to the chevron pattern in an adjacent ring element of 
the stent; (f) a chevron pattern in one ring element of the 
stent that is parallel to the chevron pattern in one adja- 
cent ring element of the stent and antiparallel to the 30 
chevron pattern in the other adjacent ring element of the 
stent; (g) longitudinal connectors connecting the apex of 
a peak in one ring element of the stent to the apex of a 
valley in an adjacent ring element of the stent; (h) longi- 
tudinal connectors connecting a strut of one ring ele- 35 
ment of the stent with a strut of an adjacent ring element 
of the stent; (i) longitudinal connectors that are curved 
or bent in both the compressed and expanded stent pro- 
file; (j) longitudinal connectors that are straight in both 
the compressed and expanded stent profile; (k) longitu- 40 
dinal connectors that are curved or bent in the com- 
pressed stent profile and straight in the expanded stent 
profile; (I) longitudinal connectors that are straight in the 
compressed stent profile and curved or bent in the 
expanded stent profile; (m) ring elements made from a 45 
single elongated member that snakes around the cir- 
cumference of tubular body; (n) ring elements compris- 
ing a plurality of connected, closed structures; (0) ring 
elements having circumferentially successive peaks 
and valleys alternately located on the ends of the ring so 
element around the circumference of the tubular body; 
(p) ring elements having pairs peaks and valleys dis- 
posed at the distal and proximal ends of the ring ele- 
ment along a line parallel to the longitudinal axis of the 
stent; (q) at least two ring elements having different Ion- 55 
gitudinal lengths; and (r) at least one end ring element 
fashioned so as to accommodate a radiopaque marker. 
The terms B in-phase," "out-of-phase," "chevron," "paral- 



lel, 0 and "anti-parallel" are defined or expanded upon 
below. 

[0027] A method for using a radially expandable 
stent of the invention may include advancing the distal 
end of a delivery device and the stent through a body 
lumen, followed by deploying the stent at a desired loca- 
tion within the body lumen. 

[0028] The stent can be made from a tube that is 
cut with lasers or other techniques that are well known 
to those skilled in the art The initial pattern cut into the 
tube includes longitudinal connector and ring compo- 
nents that cooperate with each other. Sufficient spacing 
is provided between the stent components to allow the 
stent to be crimped onto a catheter without causing 
general abutment of the ring and longitudinal connector 
components with each other, thereby permitting bend- 
ing of the stent without disturbing the crimp of the ring 
components on the catheter during deployment of the 
stent through tortuous coronary arteries. 
[0029] These and other features and advantages of 
the present invention are described below, by way of 
example only, with reference to the drawings. 

Fig. 1 is an elevational view of a balloon catheter 
with a stent mounted on the balloon portion of the 
catheter. 

Figs. 2-4 are flattened plan views showing portions 
of stents made according to the present invention. 
Each of the stent patterns shown would be curved 
into a cylindrical shape and crimped onto the bal- 
loon catheter as shown in Fig. 1 . 
Fig. 5 is a flattened plan view illustrative of various 
design features of stents made according to the 
present invention. 

Figs. 6-8 are flattened plan views showing stents 
made according to the present invention. Each of 
the stent patterns shown would be curved into a 
cylindrical shape and crimped onto the balloon 
catheter as shown in Fig. 1 . 

[0030] Referring now to Rg. 1 , the medical device 1 
of the present invention includes a catheter 2 and a 
stent 3 mounted on the catheter 2 in an unexpanded 
condition. Stent 3 has a hollow, cylindrical body made 
with a plurality of rings about a longitudinal axis 8. As 
shown, stent 3 is crimped over a balloon 4 affixed to 
catheter 2 near the distal end of catheter 2. Stent 3 can 
include a variety of configurations as depicted in Figs. 2- 
5 which are shown in an open and flattened configura- 
tion as they would appear in an unexpanded and 
uncrimped condition. Balloon 4 can be practically any 
balloon suitable for angioplasty procedures and capable 
of inflation to 6 atmospheres or more of pressure. A pre- 
ferred type of balloon 4 is a balloon with multiple folds 
that permits the stent to expand evenly that is approxi- 
mately the same length as the stent. In addition to 
crimping, stent 3 can be held onto balloon 4 by retention 
techniques that are well known to those skilled in the 
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art. 

[0031] Referring now also to Fig. 2, each of rings 
10a< extends circumferentially around the cylindrical 
body of stent 3 and includes an undulating series of 
peaks 11 and valleys 12. The undulating peaks 11 and 
valleys 12 of the rings 10a-c are formed by opposing 
curved peak and valley segments 13a-b joined to each 
other by struts 14. Struts 14 also contain two opposing 
curved segments 15a-b. As shown in Fig. 2, first curved 
strut segment 15a is positioned in a central portion of 
strut 14, and second curved strut segment 15b is posi- 
tioned near or adjacent to valley curved segment 13b. 
First curved strut segment 15a is substantially symmet- 
rical about a line 17 perpendicular to longitudinal axis 8 
of the stent. Curved strut segment 1 5a allows nesting of 
the struts within a ring and promotes longitudinal flexibil- 
ity as the stent is delivered on the catheter; curved strut 
segment 15b further facilitates nesting so as to achieve 
an even smaller crimp diameter. The irregularly-shaped 
ceils defined by peak and valley segments 13a-b and 
curved struts 14 also provide effective scaffolding after 
deployment. As is readily apparent from the overall 
stent design of Fig. 2, struts 14 alternate circumferen- 
tially around rings 10a-c, such that for every other strut 
14, the second curved strut segment 15b is positioned 
near or adjacent to curved peak segment 13a rather 
than curved valley segment 13b. The resulting shape of 
individual peaks 1 1 and valleys 12 is that of an asym- 
metrical hairpin. Because of the alternating nature of 
the peaks 1 1 and valleys 1 2 connected by struts 1 4, the 
configuration of each ring 10a-c is that of a continuous 
modified zigzag. Furthermore, as a result of the confor- 
mal nesting within a given ring 10a-c of struts 14, the 
zigzag pattern is curved about a circumference of stent 
3 to form a chevron or nested "V-shaped pattern. In 
relation to each other, successive rings 10a-c shown in 
Fig. 2 are in a parallel chevron pattern. The parallel 
chevron pattern in the plan view of Fig. 2 results from 
the conformal nesting of all struts 14 on each of rings 
1 0a-c in a single uniform circumferential direction (i.e., 
either all struts 14 nest in a clockwise direction, or ail 
struts 14 nest in a counterclockwise direction). Further, 
in the configuration shown in Fig. 2, rings 10a-c are ori- 
ented such that each ring is a mirror image of the ring(s) 
adjacent to it. Undulating peaks 11 and valleys 12 of 
rings 1 0a-c are thus arranged such that peaks 1 1 of ring 
10a are longitudinally aligned with valleys 12 of ring 
10b. As the term is used herein, two or more compo- 
nents of stent 3 are "longitudinally aligned' if a line (e.g., 
line 1 8 in Rg. 2) drawn through the components is sub- 
stantially parallel to the longitudinal axis 8 of stent 3. It 
should be noted that the invention is not limited by the 
orientation of a ring relative to an adjacent ring; i.e., 
rings 1 0a-c can be arranged to be mirror images to each 
as shown in Rg. 2, or to pair peaks 1 1 and valleys 12 
with each other in an "in-phase" relationship, as 
described in more detail below with reference to Rg. 3, 
or to make any alignment of the rings intermediate to 



those positions. 

[0032] Continuing to refer to Rgs. 1 and 2, rings 
10a-c are shown joined together by two short, substan- 
tially straight longitudinal connectors 16. in the conflgu- 

5 ration shown in Rg. 2, longitudinal connectors 16 are 
parallel to the longitudinal axis 8 of stent 3 and connect 
adjacent rings 10a-c at the apices of longitudinally 
aligned peak and valley pairs 11/12. The number of lon- 
gitudinal connectors 16 between two adjacent rings Is 

10 preferably two or three but can be more. Preferably, no 
more than one longitudinal connector 1 6 is connected to 
a peak 11 or a valley 12. A longitudinal connector 16 
that extends between a first ring and an adjacent sec- 
ond ring does not extend to a third ring. This design fea- 
rs ture renders the points of connection between a 
longitudinal connector 16 and a peak 1 1 or a valley 12 
"dead ends" in the longitudinal extent of the longitudinal 
connectors 1 6 for the stent 3 and permits transfer of the 
flexing forces from the short straight longitudinal con- 

20 nectors 16 to the curved strut segments 15a and 15b. 
The curved struts thus absorb the bending forces trans- 
ferred by longitudinal connectors 16 that are short 
and/or stiff. Because they are straight and connect lon- 
gitudinally aligned peak and valley pairs 11/12, long'rtu- 

25 dinal connectors 16 can be quite short, for example 
about 0.1 mm in length. Short longitudinal connectors 
provide improved scaffolding. However, longitudinal 
connectors 16 must still be long enough to prevent inter- 
ference between peak and valley apices of adjacent 

30 rings. A radiopaque marker 9 is joined to ring 1 0a inside 
a circular land portion 19 located at a central portion of 
strut 14b. Struts 14a and 14b are shaped such that radi- 
opaque marker 9 will not interfere with the ring as the 
stent 3 is crimped onto the balloon 4 of catheter 2. 

35 [0033] Referring now to Rgs. 1 and 3, in another 
embodiment of the invention, successive rings 20a-c 
are arranged in an antiparallel chevron configuration 
with respect to each other. The antiparallel chevron pat- 
tern in the plan view of Fig. 3 results from the alternating 

40 nature of the conformal nesting direction of struts 24 on 
successive rings 20a-c. Specifically, struts 24 of ring 
20a and 20c nest in a counterclockwise circumferential 
direction, while struts 24 of ring 20b nest in a clockwise 
direction, generating the antiparallel chevron pattern. 

45 Further, in the embodiment shown in Fig. 3 peaks 21 
and valleys 22 of successive rings are paired with each 
other in an in-phase relationship, although as described 
previously the stent design is not limited by the relative 
orientation of one ring relative to its adjacent ring(s). 

so Line 28a drawn through peaks 21a-c is substantially 
parallel to longitudinal axis 8 of stent 3. Likewise, line 
28b drawn through valleys 22a-c is substantially parallel 
to longitudinal axis 8 of stent 3. Peaks 21 a< of rings 
20a-c are thus longitudinally aligned with one another; 

55 likewise valleys 22a-c of rings 20a-c are longitudinally 
aligned with one another, thereby defining the in-phase 
relationship among the rings. Rings 20a-c are shown 
joined together by two short, substantially straight longi- 
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tudinal connectors 26. In the configuration shown in Fig. 
3, longitudinal connectors 26 are not parallel to the lon- 
gitudinal axis 8 of stent 3, but Instead are necessarily 
offset with respect thereto because the peak and valley 
pairs 21/22 that they connect are not longitudinally 
aligned as they would be in a mirror image configuration 
as shown in Fig. 2. In the in-phase ring configuration 
shown in Fig. 3, peak 21 d of ring 20a is defined as being 
"circumferentially adjacent" to valleys 22d and 22e of 
ring 20b. Likewise, peak 21 b of ring 20b is circumferen- 
tiaily adjacent to valleys 22c and 22f of ring 20c. Longi- 
tudinal connector 26a connects peak 21 d on ring 20a 
and circumferentially adjacent valley 22d on ring 20b, is 
substantially parallel to struts 24 associated with peak 
21 d and valley 22d. Likewise, longitudinal connector 
26b connects peak 21b on ring 20b and circumferen- 
tially adjacent valley 22c on ring 20c, and is substan- 
tially parallel to struts 24 associated with peak 21b and 
valley 22c. Preferably, no more than one longitudinal 
connector 26 is connected to a peak 21 or a valley 22. 
As in the stent design of Fig. 2, a longitudinal connector 
16 that extends between a first ring and an adjacent 
second ring does not extend to a third ring. This design 
feature renders the points of connection between a lon- 
gitudinal connector 26 and a peak 21 or a valley 22 
"dead ends" in the longitudinal extent of the longitudinal 
connectors 26 for the stent 3 and permits transfer of the 
flexing forces from the short straight longitudinal con- 
nectors 26 to the curves strut segments 25a and 25b. 
Because they are straight and connect circumferentially 
adjacent peak and valley pairs 21/22, longitudinal con- 
nectors 26 can be quite short, as described for Fig. 2. 
[0034] Referring now to Figs. 1 and 4, in yet another 
embodiment of the invention, successive rings 30a-b 
are arranged in a parallel chevron configuration with 
respect to each other and are oriented as mirror images 
of each other, as in Fig. 2. Rings 30a-b are provided 
with inflection points 5 on some struts 34. Inflection 
point 5 is positioned near first curved strut segment 35a, 
curved strut segment being positioned in a central por- 
tion of strut 34. At each inflection points, a portion of the 
ring extends in a generally circumferential direction 
(indicated generally 37) for a short distance. Longitudi- 
nal connector 36 is joined at one end at the inflection 
point 5a on one ring 30a and also joined at a second 
end at a second inflection point 5b on an adjacent ring 
30b. Inflection points 5a and 5b are longitudinally 
aligned with one another. Extending a longitudinal con- 
nector between the central portions of struts on adja- 
cent rings has certain advantages over extending the 
longitudinal connector between peak and valley apices 
on adjacent rings. The stent is less likely to shorten as it 
Is radially expanded, is more longitudinally flexible in 
both its radially compressed state and its expanded 
state, and provides better scaffolding. On the other 
hand, because longitudinal connectors that are centrally 
positioned on struts typically contain more metal than 
the short, apically positioned longitudinal connectors, 



their presence may interfere with crimping of the stent to 
the desired compressed diameter. 
[0035] Longitudinal connector 36 contains two 
curved segments 6a. Optionally longitudinal connector 

5 36 further contains a straight segment 6b that is sub- 
stantially parallel to the longitudinal axis 8 of stent 3. 
Straight segment 6b keeps peak and valley apices on 
adjacent rings far enough apart so that they do not inter- 
fere with each other, and curved segments 6a promote 

w nesting of the struts in the compressed form. Straight 
segment 6c is disposed between Inflection point 5a or 
5b and curved segment 6a, and is substantially parallel 
to strut 34. The short portion of the rings 30a-b at inflec- 
tion points 5a and 5b which extends generally circum- 

75 ferentially has a length, measured circumferentially, 
which is about equal to a width of the longitudinal con- 
nector to which it is attached. This promotes the scaf- 
folding provided to the vessel by the expanded stent 3 
since the longitudinal connectors can be fit together 

20 closely in a nested arrangement with the undulations of 
the rings 30a-b as the stent 3 is crimped on the balloon 
4 of catheter 2. Only one longitudinal connector is con- 
nected to either of the Inflection points 5a-b. This makes 
inflection point 5 a "dead end" in the longitudinal extent 

25 of the longitudinal connectors 36 for the stent 3 and per- 
mits some of the flexing forces which are not absorbed 
by the longitudinal connector itself to be absorbed by 
the rings 30a-b to which it is attached. The number of 
longitudinal connectors 26 between two adjacent rings 

30 is preferably two or three. 

[0036] Referring now to Figs. 1 and 5, in yet another 
embodiment of the invention, various alternative design 
features of a stent 3 made according to the present 
invention are shown. It should be understood that Fig. 5 

35 does not purport to show a single stent design, but 
rather illustrates, in a single drawing, various design fea- 
tures that can be utilized alone or in various combina- 
tions to make a stent 3 of the invention. For example, 
one or more of the means for longitudinally connecting 

40 two rings illustrated in Fig. 5 can be used to connect 
rings 10a-c, 20a*c and 30a-b as shown in Figs. 2-4 to 
make a stent 3 of the invention. Rings 40a-c of Rg. 5 are 
made from nested closed members 50 connected by 
short straight circumferential connectors 51. Closed 

45 members 50 are formed by opposing curved peak and 
valley segments 43a-b joined to each other by shorter 
curved strut 44a and longer curved strut 44b, defining a 
V-shaped interstitial space 52 that is substantially sym- 
metric about a line 57a perpendicular to longitudinal 

so axis 8 of stent 3. Within a ring, circumferential connec- 
tors 51 extend between shorter strut 44a and longer 
strut 44b of circumferentially adjacent closed members 
50. Circumferential connectors 51 connect circumferen- 
tially adjacent closed members 50 at the nadir or "bot- 

55 torn" of the V-shape. Closed member 50 contains an 
indentation 60 on shorter strut 44a positioned opposite 
the point on strut 44a where circumferential connector 
51 attaches, as shown on inset GG in Fig. 5. Indentation 
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60 serves to reduce the amount of metal at that junction, 
thereby enhancing longitudinal flexibility of the stent 
during delivery and reducing mechanical stress upon 
radial expansion of the stent Indentation 60 is fabri- 
cated such that width 62 of longer strut 44b at Indenta- 5 
tion 60 is substantially equivalent to width 64 of a central 
portion of strut 44b. 

[0037] Two different ring orientations are illustrated 
in Rg. 5. Rings 40a and 40b are disposed in a parallel 
chevron configuration, and rings 40b and 40c are dis- 10 
posed in an antiparailel chevron configuration. All three 
rings 40a-c are mirror images with respect to their adja- 
cent ring(s). 

[0036] Several different types of longitudinal con- 
nections are illustrated in Rg. 5. At longitudinal connec- is 
tion AA (see inset), parallel rings 40a and 40b are 
integrally connected at opposing curved peak segment 
43a and curved valley segment 43b of longitudinally 
adjacent peak 41 and valley 42, respectively, at region 
59a; no longitudinal connector segment is used. Struts 20 
44a and 44b contain curved segments 58a and 56b, 
respectively, that cause peak 41 and valley 42 to dia- 
metrically oppose each other. 

[0039] At longitudinal connection BB (see inset), 
rings 40a and 40b are connected at longitudinally adja- 25 
cent peak 41 and valley 42 by longitudinal connector 
46a. One end of longitudinal connector 46a attaches to 
longer strut 44b of ring 40a at a location near or adja- 
cent to curved peak segment 43a. Longitudinal connec- 
tor 46a is thus attached on the "underside" of the T 30 
formed by closed member 50 so as not to interfere with 
the nested V (chevron) pattern. The other end of longi- 
tudinal connector 46a attaches to ring 40b at an analo- 
gous location on longer strut 44b near or adjacent to 
curved valley segment 43b of ring 40a. Longitudinal 35 
connector 46a contains a curved segment 56a posi- 
tioned in a central portion thereof, flanked by two sub- 
stantially straight portions 54 substantially 
perpendicular to longer struts 44b of closed member 50. 
Curved segment 56a is substantially symmetrical about 40 
a line 57b perpendicular to longitudinal axis 8 of stent 3. 
At longitudinal connection CC, rings 40a and 40b are 
also integrally connected at opposing curved peak seg- 
ment 43a and curved valley segment 43b of longitudi- 
nally adjacent peak 41 and valley 42, respectively, at 45 
region 59b. Struts 44e and 44f are longer than corre- 
sponding struts 44a and 44b to allow curved peak seg- 
ment 43a and curved valley segment 43b to meet. 
[0040] Antiparailel rings 40b and 40c are connected 
by longitudinal connectors 46b-d. At longitudinal con- so 
nection DD (see inset), longitudinal connector 46b is 
substantially straight and is parallel to struts 44g and 
44h of peak 41 and valley 42; in that respect it Is analo- 
gous to longitudinal connector 26b in Fig. 3. However, 
rings 20a-c in Rg. 3 are in-phase, whereas rings 40b-c ss 
are mirror images. If longitudinal connector 46b is short, 
as shown in Rg. 5, struts 44g-h must be longer than cor- 
responding struts 44a-b. If longitudinal connector 46b is 



long enough (not shown), struts 44g-h can be equiva- 
lent in length to struts 44a-b. 

[0041] At longitudinal connection EE (see inset), 
longitudinal connector 46c Is attached at one end to 
longer strut 44b of ring 40b at a location near or adja- 
cent to curved peak segment 43a, and at the other end 
to an analogous location on longer strut 44b of ring 40c 
near or adjacent to curved valley segment 43b. Longitu- 
dinal connector 46c includes two curved segments 56b 
that flank a central segment 56c that is oriented in a 
generally circumferential direction. 
[0042] At longitudinal connection FF, longitudinal 
connector 46d extends between the apices of longitudi- 
nally aligned peak 41 on ring 40b and valley 42 on ring 
40c, respectively. Longitudinal connector 46d includes 
two curved segments 56d that flank an optional central 
segment 56f that is oriented in a substantially circumfer- 
ential direction. Curved segments 56b promote the ten- 
dency of the stent 3 to flex longitudinally when it is 
subjected to bending forces such as those encountered 
during delivery of the stent 3 and catheter 2 through a 
tortuous coronary artery. 

[0043] Referring now to Rgs. 1 and 6, a full pattern 
of a stent 3 for a coronary artery application is shown 
which is substantially the same pattern which was dis- 
cussed above in connection with Rg. 2. Stent 3 has a 
length "A" which can be about 8 to about 42 mm (and as 
depicted could be about 15-25) mm for a coronary 
artery application although those skilled in the art will 
appreciate that the pattern can be configured to give 
many lengths. The dimension "B" refers to the circum- 
ference of the stent 3 for a coronary application which 
can be about 3-7 mm and gives an uncrimped diameter 
for the stent 3 of about 1 -2 mm. The dimension "C° 
refers to the width of one of the rings which in this exam- 
ple could be in the range of about .08 to .12 mm. The 
dimension "D° refers to the amplitude of one of the rings 
and in this example could be in the range of about .75 to 
2.5 mm. The dimension "E D refers to the peak-to-peak 
spacing for the rings and In this example could be in the 
range of about 1 -3 mm. The dimension M F n refers to the 
width of a longitudinal connector and in this example 
could be in the range of about .06 to .1 mm. Radiopaque 
markers 9 are located at opposite ends of the stent 3 to 
allow the physician to precisely identify the position of 
the ends of the stent 3 fluoroscopically while the stent 3 
is being deployed into the patient. The markers 9 can 
take the form of a thin gold disk set into an portion of the 
pattern. The markers 9 have their highest fluoroscopic 
visibility when looking directly down onto the flat plane 
of the disk and lesser visibility when looking at the edge 
of the disk. Therefore, the markers 9 can be aligned with 
each other so as to both be visible at the same intensity 
no matter what the rotational orientation of the stent (as 
shown in Fig. 6) or offset (not shown) with regard to 
each other to permit at least one marker 9 to always be 
viewed in its highly observable fiat orientation. More 
markers can be added to those shown in Rg. 6 so that 
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each end of the stent 3 has two or more markers in a rel- 
ative offset position, which then permits one of the 
markers at each end to always be brightly observable 
no matter what rotational orientation the stent 3 is in. 
The dimensions B G" and "H" refer to the diameter of the 
radiopaque marker and the width of the portion of the 
ring holding the marker. 

[0044] Referring now to Figs. 1 and 7, a full pattern 
of a stent 3 for a coronary artery application is shown 
which is substantially the same pattern which was dis- 
cussed above in connection with Rg, 3. Similar struc- 
tures are marked with the same dimensional symbols 
( n A B to "F") as in Fig. 6, and the dimension ranges for the 
stent 3 shown in Fig. 7 are substantially as described for 
the stent 3 shown in Rg. 6. This stent 3 can be made by 
laser cutting from a tube of stainless steel or other suit- 
able material by methods which are well known by those 
skilled in the art. A radiopaque marker, such as the radi- 
opaque marker shown in Fig. 6, can be included at one 
or both ends of the stent 3 of Fig. 7, although it is not 
shown in Fig. 7. 

[0045] Referring now to Figs. 1 and 8, a full pattern 
of a stent 3 for a coronary artery application is shown 
which is substantially the same pattern which was dis- 
cussed above in connection with Fig. 4. Similar struc- 
tures are marked with the same dimensional symbols 
("A" to B F P ) as in Fig. 6, and the dimension ranges for the 
stent 3 shown in Fig. 8 are substantially as described for 
the stent 3 shown in Fig. 6. This stent 3 can be made by 
laser cutting from a tube of stainless steel or other suit- 
able material by methods which are well known by those 
skilled in the art. A radiopaque marker, such as the radi- 
opaque marker shown in Fig. 6, can be included at one 
or both ends of the stent 3 of Fig. 8, although it is not 
shown in Fig. 8. 

[0046] The radially outward directed force devel- 
oped by the stents according to the present invention 
serves two functions. One function is to hold the body 
lumen open against a force directed radially inward, 
e.g., a spasm, as well as preventing restriction of the 
passageway through the lumen by intimal flaps or dis- 
sections generated by, e.g., prior balloon angioplasty. 
Another function is to fix the position of the stent within 
the body lumen by intimate contact between the stent 
and the walls of the lumen. The outwardly directed 
forces must not be excessive, however, to avoid trauma- 
tization of the lumen walls by the stent. 
[0047] The diameters of some preferred stents 
when in the compressed state for delivery to a desired 
location within a body lumen is typically reduced from 
about two to about six times the diameter of the stents 
when in their expanded state before compression. For 
example, typical stents may have a compressed exter- 
nal diameter of about 1 millimeter to about 3 millimeters 
for delivery and an expanded external diameter in a 
body lumen of about 3 millimeters to about 15 millime- 
ters when released from compression in a large arterial 
vessel. Some preferred stents used in coronary arteries 



may have a compressed external diameter of about 1 
millimeter and an expanded external diameter in a body 
lumen of up to about 6 millimeters. 
[0043] In addition to ranges In diameters, it will also 

5 be understood that the stents according to the present 
invention can have any desired longitudinal length as 
required for a particular application. Furthermore, 
although the illustrative stents depicted in Figs. 6-8 have 
a plurality of successive ring elements, it will be under- 

w stood that some stents according to the present inven- 
tion could be manufactured with only one ring element 
(in which case no longitudinal members would be 
required to connect adjacent support sections). Pre- 
ferred materials for fabricating stents according to the 

is present invention include those materials that can pro- 
vide the desired functional characteristics with respect 
to biological compatibility, modulus of elasticity, etc. 
Materials for both balloon-expandable stents and self- 
expanding stents are well-known in the art, and the 

20 device of the invention is not intended to be limited to 
any particular constituent material. Likewise, the manu- 
facture of stents according to the present invention may 
be accomplished using any of a variety of methods that 
are well-known to those in the art. See, for example, 

25 U.S. Patent No. 5,776,1 61 to Globerman. 

[0049] Those skilled in the art will further appreciate 
that the present invention may be embodied in other 
specific forms, for example, although stents having one 
or more ring elements are described herein, it will be 

30 understood that stents manufactured according to the 
present invention could have any number of desired ring 
elements needed to obtain a stent having a desired 
length. Furthermore, it will be understood that the fig- 
ures are schematic only, and that the relative dimen- 

35 sions of the various illustrated features are not intended 
to limit the scope of the present invention. Accordingly, 
the present invention is not limited to the particular 
embodiments which have been described in detail 
herein. 

40 

Claims 

1 . A medical device comprising: 

45 a catheter (2) and a radially expandable stent 

(3) mounted on the catheter, the stent compris- 
ing 

a hollow, cylindrical body comprising first and 
second rings (10a-c) extending circumferen- 

50 tially around the cylindrical body, each ring 

comprising an undulating series of peaks (11) 
and valleys (12) formed by struts (14) connect- 
ing alternating curved peak and valley seg- 
ments within the ring, the struts comprising a 

55 first curved segment (15a) curved substantially 

symmetrically about a single circumference of 
the stent such that the peaks and valleys within 
a ring form a nested chevron pattern; and 
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at least one longitudinal connection (16) 
between the first and second rings. 

2. The medical device of claim 1 wherein the struts 
(14) further comprise a second curved segment 
positioned near a curved peak or valley segment 
(13a-b). 

3. The medical device of claim 1 or 2,wherein the first 
and second rings (10a-c) are arranged in a parallel 
chevron pattern relative to each other. 

4. The medical device of claim 1 or 2 wherein the first 
and second rings (10a<) are arranged in an 
antiparallel chevron pattern relative to each other. 

5. The medical device of claim 1 or 2 wherein the 
peaks (11) of the first ring (10a) are longitudinally 
aligned with the valleys (12) of the second ring 
(10b). 

6. The medical device of claim 1 or 2 wherein the 
peaks (11) of the first ring (10a) are not longitudi- 
nally aligned with the valleys (12) of the second ring 
(10b). 

7. The medical device of claim 1 , 2 or 6 wherein the 
peaks (11) of the first ring (10a) are longitudinally 
aligned with the peaks (11) of the second ring 
(10b). 

8. The medical device of any preceding claim wherein 
said at least one longitudinal connection is formed 
by a longitudinal connector (16). 

9. The medical device of claim 8 wherein said at least 
one longitudinal connector (16) is curved. 

10. The medical device of claim 8 wherein said at least 
one longitudinal connector (18) is straight 

11. The medical device of any preceding claim further 
comprising at least one radiopaque marker (9). 

12. The medical device of any preceding claim wherein 
the radially expandable stent is a balloon-expanda- 
ble stent (3). 

1 3. The medical device of any of claims 1 to 1 1 wherein 
the radially expandable stent Is a self-expanding 
stent (3). 

14. The medical device of any preceding claim wherein 
at least one strut (34) on each of the first and sec- 
ond rings (30a, b) further comprises an inflection 
point (5) positioned near a central portion of the 
strut. 



15. The medical device of claim 14 wherein the inflec- 
tion point(s) (5) is/are positioned near the first 
curved segment (35a) of the struts (34). 

s 16. The medical device of claim 1 4 or 1 5 wherein a por- 
tion of the longitudinal connection (16) near the 
inflection point (5) is substantially parallel to the 
strut. 

w 17. The medical device of any preceding claim, com- 
prising: 

the first and second rings each comprising a 
plurality of closed members (50), each closed 

15 member comprising a peak and valley (43a-b) 

formed by a longer strut (44b) and a shorter 
strut (44a) connecting curved peak and valley 
segments, the longer and shorter struts each 
comprising said curved segment curved sub- 

20 stantlally symmetrically about a single circum- 

ference of the stent such that the peaks and 
valleys within a ring form a nested chevron pat- 
tern; and further comprising 
circumferential connectors (51) between the 

25 longer strut and the shorter strut of circumfer- 

entially adjacent closed members (50). 

18. The medical device of claim 17 wherein the closed 
members (50) further comprises an indentation 
30 (60) positioned on the shorter strut, such that the 
indentation is substantially circumferentially aligned 
with the circumferential connector attached to the 
shorter strut. 

35 
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